Households provide environments that encourage the formation of microbial communities, often as biofilms. Such biofilms constitute potential reservoirs for pathogens, particularly for immune-compromised individuals. One household environment that potentially accumulates microbial biofilms is that provided by vinyl shower curtains. Over time, vinyl shower curtains accumulate films, commonly referred to as "soap scum," which microscopy reveals are constituted of lush microbial biofilms. To determine the kinds of microbes that constitute shower curtain biofilms and thereby to identify potential opportunistic pathogens, we conducted an analysis of rRNA genes obtained by PCR from four vinyl shower curtains from different households. Each of the shower curtain communities was highly complex. No sequence was identical to one in the databases, and no identical sequences were encountered in the different communities. However, the sequences generally represented similar phylogenetic kinds of organisms. Particularly abundant sequences represented members of the ␣-group of proteobacteria, mainly Sphingomonas spp. and Methylobacterium spp. Both of these genera are known to include opportunistic pathogens, and several of the sequences obtained from the environmental DNA samples were closely related to known pathogens. Such organisms have also been linked to biofilm formation associated with water reservoirs and conduits. In addition, the study detected many other kinds of organisms at lower abundances. These results show that shower curtains are a potential source of opportunistic pathogens associated with biofilms. Frequent cleaning or disposal of shower curtains is indicated, particularly in households with immune-compromised individuals.
Cases of opportunistic infections in humans have increased steadily over the past decade, and often the source of infection remains unidentified (6, 13, 20, 25, 27) . The expanding caseloads of opportunistic infections correspond to a rising number of immune-compromised patients, many of whom self-medicate (20, 25, 37, 43) . Potential or adventitious pathogens in households pose a particular threat to such patients (24) . Households provide many environments in which microorganisms can thrive, often with the formation of biofilms. Bacteria have been cultured from many environments in and around homes, particularly in moist settings such as those involving water pipes, toothbrushes, and spas (12, 14, 29, 30, 38) . Although evidence of microbial growth and biofilm formation is ubiquitous in households, little is known about the diversity and complexity of the organisms that make up household microbial communities.
Several studies have shown that domestic water supplies can be a source of opportunistic infectious agents, and household plumbing accumulates numerous microorganisms (5, 55) . Potentially infectious agents such as Mycobacterium spp. and Legionella spp. have been detected in water systems and may serve as reservoirs for infection (10, 24, 32, 33) . One waterrelated setting that may provide a persistent reservoir for pathogenic microorganisms is shower curtain biofilms, although there is little information on the makeup of the microbial communities that compose such biofilms.
In order to identify the kinds of organisms that colonize shower curtain biofilms, we undertook a molecular survey of several such communities. In our study, we isolated microbialcommunity DNA from shower curtains and used a PCR-based molecular survey to determine the phylogenetic diversity of 16S rRNA gene sequences from these communities. Numerous studies have utilized 16S rRNA sequences to assess the nature of microbial organisms in the environment without the requirement for culture (1, 2, 22, 39) . The rRNA sequence collection constitutes a rough census of this particular community. The phylogenetic identification of the constituent microbes can provide some insight into their natures by comparison with available cultured organisms.
MATERIALS AND METHODS
Samples. DNA was extracted from five different samples taken from four different vinyl shower curtains, all in use for more than 6 months in Boulder, Colo. These samples consisted of (i) two samples from the same shower curtain, one from the bottom section (whitish pink flakes) of a dry shower curtain that had been stored at 25°C for about 1 week subsequent to wetting (SC1A) and one sample from a pink film on a corner of the curtain that was folded over and constantly wet (SC1B); (ii) one sample of white flakes from a dry curtain that had been stored at 25°C for about 1 week subsequent to a previous wetting (SC2); (iii) one sample of pinkish flakes from the bottom section of a dry curtain that had been stored at 25°C for about 1 week subsequent to wetting (SC3); and (iv) one sample of a pinkish orange biofilm from a wet shower curtain that was often used and essentially continuously moist (SC4). Dry biofilm flakes or moist bio-films were scraped from shower curtains and stored at Ϫ80°C pending extraction of DNA.
Epifluorescence microscopy. Biofilm ("shower scum") was hydrated with sterile phosphate-buffered saline (0.01 M) dispersed by vortex mixing, and a smear was dried on a microscope slide, stained with 10 g of 4Ј6-diamidino-2-phenylindole (DAPI; Sigma, St. Louis, Mo.)/ml, and mounted with antifadent (CitiFluor Ltd., Leicester, England). Slides were examined with an epifluorescence microscope (Eclipse E400; Nikon Instruments Inc., Melville, N.Y.) with a SPOT camera and software (Diagnostic Instruments Inc., Sterling Heights, Mich.).
DNA extraction. Samples from shower curtains were dispersed in sterile purified water (Fluka Chemical Corp., Milwaukee, Wis.) prior to extraction. All chemical buffers were made by using purified water to minimize contamination with external DNA sources. After mixing, buffers were filtered sterilized, exposed to a UV germicidal lamp for 20 min, and stored frozen. Baked (300°C) 0.1-mmdiameter zirconium-silica beads (0.4 g) were added to 2-ml screw-cap microfuge tubes with 500 l of biofilm suspension containing about 20 mg of dry biofilm. A negative extraction control (pure water only) was processed in parallel with the samples to test for reagent contamination. The following solutions were then added: 500 l of TEN buffer (200 mM Tris HCl [pH 8 .0], 20 mM EDTA, 200 mM NaCl), 200 l of 20% sodium dodecyl sulfate, and 500 l of phenol/chloroform/ isoamyl alcohol (24:24:1). Suspensions were reciprocated with a Mini-Beadbeater (Biospec Products) at high speed for 2 min. The aqueous phase was collected following centrifugation, and the DNA was precipitated by the addition of 90 l of 3M NaAc and 900 l of isopropanol, rinsed in 70% ethanol, air dried, resuspended in 50 l of 10 mM Tris-HCl (pH 7.5)-1 mM EDTA buffer, and stored at Ϫ20°C.
PCR. The bacterium-specific primers used to amplify 16S rRNA gene fragments were 27F (5Ј-AGAGTTTGATCCTGGCTCAG-3Ј) and 805R (5Ј-GACT ACCAGGGTATCTAATCC-3Ј). The ϳ800-bp fragment amplified with this primer pair includes a region of 16S rRNA that is useful for database identification and comparisons with published sequences (52) . PCR was carried out with a total reaction volume of 50 l including 1 l of sample DNA as template, each deoxynucleoside triphosphate at 200 M, 1.5 mM MgCl 2 , each primer at 0.4 M, 4 l of a 10-mg/ml concentration of bovine serum albumin, and 5 U of AmpliTaq Gold (Applied-Biosystems, Foster City, Calif.). To minimize outside contamination, reaction mixtures were assembled in a biological hood after all pipettes, pipette tips, and Eppendorf tubes and the PCR master mix (prior to the addition of the Taq DNA polymerase) had been irradiated with UV light for 20 min. Thirty cycles of PCR amplification were conducted. Each cycle included an initial denaturing step at 94°C for 1 min followed by a 45-s annealing step at 55°C and a 1.5-min extension step at 72°C. The amplification cycles were preceded by a one-time denaturing step at 94°C for 2 min prior to the first cycle and included a final 72°C extension step for 20 min to ensure complete extension for efficient cloning.
Cloning and RFLP analysis. Samples were cloned by using a pGEM T-easy vector system cloning kit (Promega Corp., Madison, Wis.) according to the manufacturer's instructions. After cloning, colonies with inserts (96 per sample) were randomly selected and grown overnight in 1.5 ml of 2XYT broth containing 1 M ampicillin. Restriction fragment length polymorphism (RFLP) analyses were used to identify unique clones for sequencing and analysis. In preparation for RFLP analysis, 25 l of the cultures were heated at 95°C for 10 min, the cell debris was pelleted, and 1 l of the supernatant was used in PCR with primers that flank the insertion site. The PCR products were digested simultaneously with HinP1I and Msp1 in NEBuffer 2 (New England Biolabs, Beverly, Mass.). The digested DNA was separated on a 3.5% 1ϫ Tris-borate-EDTA low-melt agarose gel including ethidium bromide at 80 V for approximately 2 h (46). Fragment banding patters were visualized under UV light with a NucleoVision digital imaging system (NucleoTech Corp., San Carlos, Calif.).
Sequence and phylogenetic analysis. Clones with unique RFLP band patterns were sequenced on a sequencer (Licor Corp., Lincoln, Nebr.) according to the manufacturer's instructions. The sequencing reaction mixtures were prepared with the primers Sp6 (5Ј-ATTTAGGTGACACTATAG-3Ј) and T7 (5Ј-TAATA CGACTCACTATA-3Ј). Sequences were screened for chimeras (none were detected in the sequences analyzed) and compared to GenBank sequences by using a standard nucleotide basic local alignment search tool (BLAST) search. BLAST results for all sequences analyzed are tabulated at http://pacelab.colorado.edu /Publications/publications.html. Sequences were aligned and manually refined by using the ARB program (http://www.arb-home.de) and considering secondary structure.
All phylogenetic analyses were performed by using PAUP* (51). Phylogenetic trees were estimated by using maximum likelihood (ML). Ten heuristic randomaddition sequence searches were performed to find the highest-likelihood tree. Maximum-parsimony (MP) and neighbor-joining (NJ) analyses were performed in addition to the ML search. MP analysis included 100 heuristic randomaddition sequence searches to find the most parsimonious tree or set of trees. NJ analysis used the uncorrected distance measure to find the best tree. Bootstrap analyses were performed with the MP and NJ criteria. (ML bootstrap analyses were not performed because of the extensive computational time needed for such analyses.) MP analyses were performed with 100 resampling replicates with 10 random-addition sequence searches per replicate. The NJ bootstrap analysis included 5,000 resampling replicates. We do not report bootstrap values lower than 50% for either NJ or MP analyses.
Nucleotide sequence accession numbers. Sequences obtained in this study have been deposited in GenBank under accession numbers AY268226 to AY268349.
RESULTS
Vinyl shower curtains over time accumulate a film, flakey when dry, that is popularly referred to as "soap scum." Examination of this material from shower curtains by epifluorescence microscopy, as shown in Fig. 1 , revealed that the "soap scum" is in fact a lush bed of microbes, generally imbedded in a biofilm matrix. In order to survey rRNA gene sequences, DNA was purified from biofilms scraped from four different shower curtains, including two different patches from one curtain, one dry and one continuously wet. All of the DNAs extracted from shower curtain samples produced PCR products with bacteria-specific 16S rRNA gene (rDNA) primers. None of the extraction controls showed detectable amounts of amplified rDNA. PCR products were cloned, and unique sequences were identified by RFLP analysis and sequenced (22) . In the course of the study, 337 clones were screened and 117 unique rRNA sequences were determined.
The sequences obtained from the shower curtain microbes were compared to each other and to sequences in GenBank. Results of phylogenetic analyses for the Sphingomonas-and Methylobacterium-related sequences are presented in Fig. 2 . There were no identical sequences between different shower curtain samples. Instead, as generally occurs with environmental samples, members of phylogenetic clusters of closely related sequences were seen. Several of the clone DNA sequences were closely related to cultured organisms. The resolution of the trees was fairly low in several places, likely because the data set was limited (only 670 positions). Despite the limitations of the data set, the relevant relationships were supported with high MP and NJ bootstrap values (Ͼ70%). In relating the new sequences to known ones, we took relatedness clusters with 97% or higher sequence identity to correspond to a specieslevel relationship and clusters with 95% or higher sequence identity to correspond to a genus-level relationship (50) .
The pie chart diagrams in Fig. 3 illustrate the diversity and abundance of organisms found in the various shower curtain samples. The sequences represented are only the most abundant of the sequences encountered. Approximately 15% of the clones analyzed on the basis of RFLP or sequence were observed only once, so we did not nearly exhaust the diversity of organisms that comprise the communities. Most of the clones we sequenced were Ͼ95% identical to sequences already in GenBank. Only 38 out of 337 clones screened (11.2%) were less than 95% identical (genus-level relatedness) to known sequences in GenBank. Few clones had less than 90% identities to known sequences. Although the specific sequences associated with the different shower curtains differed in detail, the phylogenetic comparisons revealed common themes. The most prevalent types of organisms found in all of the samples belonged to the phylogenetic group ␣-proteobacteria. Sphingomonas spp. and Methylobacterium spp. prevailed in three of the four shower curtains in dry (SC2 and SC3) and moist (SC4) samples. Methylobacterium and Sphingomonas related clones found in the shower curtains spanned the diversity of these genera, and several of the clones were closely related to cultured species (Fig. 2) . Although there were types of organisms consistently associated with all of the curtains, each of the samples contained significantly different proportions of specific organismal types. Indeed, one of the shower curtain communities (SC1) (Fig. 3) did not contain Methylobacterium spp.
rRNA genes. Instead, other ␣-proteobacterial rRNA genes, perhaps with the same ecological roles as the Methylobacteria, were encountered. A 2 test comparing the abundances of different clonal types (four categories: Sphingomonas spp., Methylobacterium spp., other ␣-proteobacteria, and ␥-proteobacteria) found significant differences between the shower curtain samples ( 2 ϭ 58.4, 9 df; P Ͻ 0.0001), including dry (SC1A) and moist (SC1B) patches from one sampled curtain. Thus, each shower curtain is itself an anecdote with respect to the specific organisms that make up these complex communities. In general, however, the different shower curtain communities tend to be composed of similar suites of genera.
DISCUSSION
The biofilms from the various shower curtains analyzed in this study contained a substantial diversity of microorganisms. DAPI staining of films on shower curtains revealed high concentrations of microorganisms (Fig. 1) , and amplifications of DNA extracted from the shower curtains produced PCR products with bacterium-specific primers. Members of two genera of ␣-proteobacteria, Sphingomonas spp. and Methylobacterium spp., composed the largest proportion of organisms generally encountered in the shower curtain biofilms (Fig. 3) . Sphingomonas spp. were found in the greatest abundance on all of the curtains analyzed, followed by Methylobacterium spp. (Fig.  3) . Several of the Sphingomonas spp. clones appeared to be closely related to the rRNA sequences of cultured representatives, such as Sphingomonas adhaesiva and Sphingomonas pituitosa ( Fig. 2A) . However, many of the sequences clustered together phylogenetically and apart from those of cultured representatives, suggesting that the corresponding organisms consist of novel groups within the genus. Based on their phylogenetic distinctness, the novel organisms may have unique and interesting properties not present in known examples of the genus (Fig. 2A) . Similar patterns were found in the phylogenetic analysis of the sequences related to Methylobacterium spp. (Fig. 2B) .
Sphingomonads, generally the most abundant of the biofilm organisms detected, are ubiquitous in the environment and are frequently isolated from soil, water, and sediments (55) . Methylobacterium spp., especially Methylobacterium mesophilicum, have been cultured from pink-colored biofilms of wet environments such as automobile air-conditioning systems, printing paper machines, and dental unit waterlines (3, 28, 44, 53) . Considering the abundance of Methylobacterium spp. rRNA gene clones detected in this study, such organisms likely are responsible for the pink color of some shower curtain biofilms. We acknowledge, however, that the abundance of rRNA gene clones does not directly indicate the relative abundances of the corresponding cells. Different species of organisms contain different numbers of rRNA genes per cell, and potential biases in the recovery of different rRNA genes by PCR techniques must be recognized. Nevertheless, we believe that the relative frequencies of the rRNA genes detected represent some rough reflection of the environmental abundance of the corresponding organisms.
In addition to Sphingomonas spp. and Methylobacterium spp., the shower curtains also contained other representatives of the Proteobacteria phylogenetic division, particularly ␣-pro- teobacteria. Proteobacteria are diverse in physiology and ubiquitous in water environments, ranging from deep seawater to waste and drinking water (8, 48, 49) . The sources of carbon and energy for these biofilm communities are unclear. Potential food resources include soap products, sloughed-off human debris, and bath area volatiles. Biofilms provide a supportive and protective environment in which many kinds of metabolism can thrive. Sphingomonads, for instance, use a broad range of carbon compounds, including complex organics such as dibenzofuran (18) and hexachlorocyclohexane (23) . Some isolates from the deep subsurface have been shown to metabolize aromatic compounds such as toluene, naphthalene, and others, although laboratory strains have not shown these properties (17) . Sphingomonads colonize new environments readily and adhere to surfaces through the production of exopolysaccharides, such as gellan, and welan (41) . Methylobacterium spp. also thrive on numerous different kinds of carbon sources, such as succinate, ethanol, ethanolamine, methanol, and methylamine (26, 54) . Potential pathogens. In this limited survey, we did not encounter any known specific pathogens. However, several sphingomonads are known to be opportunistic pathogens. For instance, Sphingomonas paucimobilis has a history of infecting immune-compromised patients or persons with predisposing conditions (21) . Infection with S. paucimobilis can lead to intravascular catheter-related bacteremia, urinary tract infections, pneumonia, cutaneous infections, and visceral abscesses (7, 21, 45) . In hospitals, sources of S. paucimobilis infections have been traced to fluid in humidifiers and tap water (21, 31, 40) .
Methylobacterium spp. also are known to cause infections in immune-compromised patients or patients with other diseases that render them prone to infection (15, 16, 20, 25, 35, 47) . We found several clones representing organisms closely related to Methylobacterium extorquens and Methylobacterium zatmanii (Fig. 2B) , both known to cause illness in immune-compromised patients (20, 25) . We also encountered abundant M. mesophilicum in a 16S rDNA clone library prepared from humidifier filter samples (data not shown). In patients, M. mesophilicum has been detected in blood, peritoneal fluid, and ascitic fluid and has been known to cause pneumonia, skin ulcers, empyema, keratitis, and bacteremia (25, 35, 47) . Based on the rising number of cases, it has been proposed that Methylobacterium spp. infections could increase dramatically in the future (16, 19, 20, 42, 47) .
In addition to the consistent presence of Sphingomonas spp. and Methylobacterium spp., we also uncovered a number of other bacterial species at low frequencies. Some of these species are closely related to known opportunistic pathogens, including Nocardia spp. and Gordonia spp. (high-GϩC grampositive bacteria). Infections with Gordonia terrae can invade wounds and result in bacteremia and brain abscess (34) . Patients with such infections usually have underlying diseases predisposing them to opportunistic infections, but infections of healthy patients have been reported (9) . There have been reports of severe infections in immune-compromised patients by several Nocardia species, which often are misidentified by standard culture methods (11) . Other microorganisms detected in samples include close relatives of the known opportunistic pathogens Afipia felis (36) and Moraxella osloensis (4). Our results suggest that shower curtains harbor potential opportunistic pathogens that can threaten immune-compromised or otherwise ill patients. For immune-compromised people, consistent exposure to sources of infection, such as shower curtains, is a public health problem. Exposure can be minimized by regular cleaning or by changing shower curtains. 
